Background-Renal denervation is a new treatment considered for several possible indications. As new systems are introduced, the incidence of acute renal artery wall injury with relation to the denervation method is unknown. We investigated the acute repercussion of renal denervation on the renal arteries of patients treated with balloon-based and nonballoon-based denervation systems by quantitative angiography, intravascular ultrasound, and optical coherence tomography (OCT).
R enal denervation has been recently studied as a potential new treatment for resistant hypertension and is currently considered for several other indications. Besides the fact that initial success stories were recently challenged by a negative randomized controlled trial, data on long-term safety are scarce. [1] [2] [3] Currently, available data on safety, mostly derived from duplex ultrasound findings, show a low rate of adverse events, both at short-and long-term follow-ups. 2, 4 However, the number of patients scrutinized for renal artery integrity post procedure is remarkably low, and several reports of renal artery stenosis have been published. [4] [5] [6] Moreover, procedureinduced vascular trauma has been demonstrated in animals 7 and in patients treated with renal denervation. 8, 9 As new systems are being introduced, 10 there is a paucity of knowledge on the incidence of acute vascular wall injury with relation to the denervation method.
Intravascular imaging enables the assessment of procedure-mediated injury. Intravascular ultrasound (IVUS) can provide comprehensive volumetric measurements of lumen, external elastic membrane (EEM), and intima-and-media area, whereas optical coherence tomography (OCT) can visualize the superficial arterial wall layers with near-histological resolution (≈15 μm) and detect intraluminal structures with high accuracy. 11 The aim of this study was to assess the acute vascular injury after renal sympathetic denervation with 5 different Imaging of Renal Artery Denervation-Induced Trauma devices by quantitative angiography, IVUS, and OCT and explore a potential difference between balloon-based and nonballoon-based denervation devices.
Methods
This is a 2-center, prospective, observational study, including 25 patients, 19 . Offline image analysis included quantitative angiography pre and post procedure, morphometric lumen and vessel measurements by IVUS pre and post procedure, and postprocedural assessment of vascular trauma by OCT. This study was approved by the hospital ethics committee and conforms to the declaration of Helsinki. All patients provided written informed consent before inclusion.
Study Population
The study population consisted of patients undergoing renal denervation in clinical trials or for treatment of resistant hypertension 12 or patients included in clinical trials assessing safety and efficacy of renal denervation for heart failure or atrial fibrillation. All patients underwent noninvasive preprocedural renal artery imaging and were discussed in a multidisciplinary team, including interventional cardiologists, radiologists, and hypertension specialists. Device selection was not mandated by the current study protocol and depended on the inclusion criteria of the clinical trial in which the patient was enrolled. Invasive imaging was performed in small consecutive series of patients treated with a specific device.
Denervation Procedure
All patients were preloaded with 300 mg aspirin, if naive, and advised to continue aspirin for at least 1 month. Preprocedurally, 100 IU heparin/kg were administered to achieve an active clotting time of >250 s. A total of 200 μg nitrates were locally administered before invasive imaging. Procedures were performed according to device-specific instructions for use 10, 12 under conscious sedation with midazolam and fentanyl. Balloon size selection in balloon-based devices was based on online measurement of maximal diameter by quantitative angiography (Data Supplement).
IVUS and OCT Image Acquisition
Targeted renal arteries were examined with an IVUS system with automatic pullback at 0.5 mm/s (Boston Scientific, Natick, MA) pre and post renal denervation. Retrieved IVUS images were stored and analyzed offline.
OCT was performed after renal denervation. Images were acquired using the Illumien/C7XR system and Dragonfly or Dragonfly Duo catheter (all Lightlab/St Jude, Minneapolis, MN). The catheter was positioned distally to first major bifurcation and automatically pulled back at 20 mm/s, acquiring images at 100 m/s, with simultaneous isoosmolar contrast (Iodixanol 370, Visipaque, GE Healthcare, Ireland) administration at a flow rate of 4 to 6 mL/s, depending on artery size.
Angiographic Analysis
Angiographic analysis was performed offline (Data Supplement material). In balloon catheters, the balloon/artery ratio was calculated as the ratio of nominal balloon diameter to mean luminal diameter by offline quantitative angiography.
IVUS Analysis
IVUS analysis was blinded to the device used. Volumetric analysis of the region of interest was performed in fixed 0.5-mm intervals within the segment between the renal artery ostium and the first major bifurcation using dedicated software (QCU-CMS, LKEB, Leiden University, NL). Morphometric analysis included EEM measurements and lumen measurements. Two volumetric intima-and-media indices, normalized total atheroma volume and percent atheroma volume (PAV), were also derived from these measurements. These indices have been used in coronary atherosclerosis regression studies and are defined as follows: where EEM area is the cross-sectional EEM area and lumen area is the cross-sectional lumen area. 13 In our study, where arteries had minimal atherosclerosis with low plaque burden, differences in these indices post minus predenervation were used as surrogates for a possible increase in the intima-and-media area by procedure-induced edema. Considering a relatively high variability in volumetric IVUS measurements, 14 only relative changes >5% were considered relevant.
OCT Analysis
OCT analysis was blinded to device used and performed offline by an experienced analyst in Thoraxcenter Rotterdam on frame level (every 0.2 mm).
WHAT IS KNOWN
• Renal denervation has been associated with renal artery trauma in animal models and in human clinical studies.
WHAT THE STUDY ADDS
• In patients undergoing renal denervation using 5 different devices, OCT revealed that a varying extent of vascular injury characterized by dissection, thrombus or edema was observed after renal denervation with all systems.
• Nonballoon-based denervation is associated with a low incidence and extent of vessel dissection but with acute lumen narrowing and vessel wall thickening accompanied by a moderately higher thrombus area.
• Balloon-based denervation is associated with a higher longitudinal extent of dissection, thrombus, and intimal protrusions in the absence of significant changes in the luminal or vessel diameter during the procedure.
• In balloon-based denervation, a high balloon-toartery ratio is associated with a higher incidence of dissection.
• Post-procedural angiographic luminal irregularities are associated with the extent of dissection in balloon-based denervation.
As the range of OCT is limited (scan diameter, 10-11 mm) and the blood removal required for imaging can be challenging in 5-to 7 mm-vessels, the entire vessel periphery is not always visualized, especially in eccentric catheter position or suboptimal flushing. Therefore, acquired images were screened for quality ( Figure II in the Data Supplement). Images with <50% perimeter visualization were scored as poor quality, those with 50% to 75% perimeter visualization as fair, and those with >75% perimeter visualization as good. Fair and good quality images were included in the analysis.
OCT analysis included assessment of vascular trauma postdenervation, comprising dissection, thrombus, and edema. 9 Dissections were defined as endothelial or intimal disruptions (Figure 1A-1C ). Although dissections in renal arteries that have minimal atherosclerosis might differ from coronaries, where edge dissections after stent implantation often develop in vessels with advanced atherosclerosis, the basic morphological patterns in our study resembled coronary stent edge dissections. Therefore, we applied previously described methodology for analysis of coronary edge dissections. 15 Four dissection types were observed:
(1) dissections with formation of flap protruding into the lumen ( Figure 1A ); (2) dissections with intimal lining separation and cavity formation ( Figure 1B) ; (3) dissections with double lumen morphology (false lumen formation underneath the intima; Figure 1C ); and (4) intramural hematomas (blood accumulation within the media, displacing the internal elastic membrane inward; Figure 1D ). In all dissections, the circumferential extent was quantified as arc (°) of vessel wall discontinuity ( Figure 1E and 1F ). Furthermore, in flap-type dissections, the flap opening was quantified as the distance from flap tip to lumen border, along a line projected through the gravitational lumen center ( Figure 1E ). The dissection depth was quantified based on vessel wall layer involvement as (1) intimal (disruption confined to intima; Figure 1G ); (2) medial (disruption extends to media; Figure 1H ); and (3) adventitial (disruption extends beyond media; Figure 1I ). Thrombus was defined as mural or intraluminal signal-rich mass ( Figure 1J ). In all frames with thrombus, thrombus area was measured. Finally, edema was defined as any significant endothelial-intimal notch of the luminal surface ( Figure 1K ). 9 
Statistical Analysis
This study is exploratory, and statistical analysis is principally hypothesis-generating. All analyses were performed with SPSS 20.0 (IBM, Chicago, IL). Nominal variables are presented as n (%) and continuous as mean±SD. Estimates in clustered variables are presented as estimated mean (95% confidence intervals [CIs]). The Kolmogorov-Smirnov test assessed normality of distribution. All continuous variables had a normal distribution. Between-group differences in patient-level characteristics were examined using χ 2 or Fisher exact test for nominal variables and with t test or ANOVA for quantitative variables. As vessel-level characteristics are clustered within each patient and framelevel characteristics are clustered within each vessel within each patient, these characteristics were compared by multilevel linear or logistic regression, using within-patient intercepts as random effects for vessel level, and within-patient and within-vessel intercepts for frame level. 16 A receiver operating characteristic analysis was performed to evaluate the ability of several variables for predicting dissection; to adjust for data clustering, receiver operating characteristic analysis was repeated using predicted probabilities derived from a multilevel model using within-patient intercepts as random effects. A 2-sided P value of <0.05 indicated statistical significance.
Results

Baseline Characteristics
There were no significant between-group differences in baseline characteristics ( Table 1 ; Table I 11 ). Procedural success was achieved in all but one patient who underwent bilateral renal artery stenting because of bilateral renal artery dissection postdenervation ( Figure 2 ).
Angiographic Analysis
Angiographic analysis is summarized in Table 2 and Table II in the Data Supplement. Six angiographic projections (3 predenervation and 3 postdenervation) were excluded from analysis. Before denervation, all arteries were angiographically normal with smooth contour and no signs of atherosclerosis. Post procedure, lumen contour irregularities were observed in 18 arteries (38.3%) with no difference between groups (Figures [3] [4] . In 3 patients (4 arteries), all treated with balloonbased catheters, dissections were visualized angiographically. Two patients were treated conservatively ( Figure 5 ), whereas the other patient with bilateral dissection was treated with bilateral stent implantation ( Figure 2 ). No significant differences were observed for reference lumen diameter and minimal lumen diameter (MLD) postdenervation compared with predenervation for the overall cohort, whereas percent diameter stenosis (DS%) had a mild increase (ΔDS%: 4.7% [1.2%-8.3%]; P=0.01). MLD was significantly decreased in nonballoon denervation (−0.45 [−0.85 to −0.05] mm; P=0.03) but not in balloon denervation (0.02 [−0.27 to 0.31] mm; P=0.87).
IVUS Analysis
IVUS pullbacks were available for 16 patients, in 31 arteries predenervation and in 32 arteries postdenervation. IVUS analysis is summarized in Table 3 and Tables III to V in 
OCT Analysis
OCT pullbacks were available in 25 patients and 43 arteries. A total of 6530 frames were retrieved, from which 5260 (80.6%) had fair-to-good quality and were analyzed ( Table 4 ; Table VI in the Data Supplement).
Dissections were detected in 12 patients (14 arteries), mainly with balloon-based denervation catheters (42.9% Values are expressed as mean±SD or n (%). BP indicates blood pressure; CAD, coronary artery disease; and eGFR, estimated glomerular filtration rate. Imaging of Renal Artery Denervation-Induced Trauma [n=10] for balloon denervation versus 13.3% [n=2] for nonballoon denervation; P=0.07). The percentage of frames with dissection was higher for balloon versus nonballoon denervation (P=0.03). Within cases with dissection, the circumferential extent was similar between balloon and nonballoon denervation with a dissection angle of 40.0° (13.6°-66.5°). Similarly, dissection opening was 0.47 (0-1.03) mm, with no significant differences between the groups. All dissections are described in detail in Table 5 .
Thrombus was detected in 23 of 25 patients (92.0%) and 35 of 43 arteries (81.4%). In most cases, thrombi were very small with a mean area of 0.08 (0.06-0.11) mm 2 . Although the percentage of frames with thrombus was similar in the 2 groups, thrombus area was lower in balloon denervation compared with nonballoon denervation (0.06 [0.04-0.09] mm 2 versus 0.11 [0.07-0.14] mm 2 ; P=0.04). Finally, edema was observed in 18 of 25 patients (72.0%) and 32 of 43 arteries (74.4%). There were no significant differences in edema between balloon denervation and nonballoon denervation.
Association of Angiographic With Intravascular Imaging Findings
By quantitative angiography, vessels with lumen irregularities or dissection had higher decrease of MLD and higher increase of DS% postprocedure (ΔMLD: −0.64 [−0.95 to −0.32] mm versus 0.25 [−0.04 to 0.54] mm, P<0.01; ΔDS%: 11.3% [6.9%-15.6%] versus 0.0% [−4.0% to 4.0%]; P<0.01). By IVUS, the decrease in minimal lumen area and increase in PAV were higher 
Balloon/Artery Ratio and Vascular Trauma
Among vessels treated with balloon denervation, dissection by OCT was associated with a higher balloon/artery ratio ( Figure 6 ). The balloon/artery ratio had a significant positive correlation with the percentage of frames with dissection (b=92.248; 95% CI, 24.164-160.332; P=0.01). Conversely, preinterventional lumen measurements by angiography or IVUS, or the absolute balloon size had no significant association with the presence of dissection or percentage of frames with dissection. 
Discussion
The main findings of our study are that in patients undergoing renal denervation using 5 different devices: (1) a varying extent of vascular injury by OCT with the presence of dissection, thrombus, or edema was observed after renal denervation with all systems; (2) balloon-based denervation was associated with higher longitudinal extent of dissection, whereas nonballoon-based denervation was associated with higher thrombus area; (3) vessel dissections in arteries treated with balloonbased denervation catheters were associated with higher balloon/artery ratio; (4) in arteries treated with nonballoon-based denervation, a significant reduction in postprocedural vessel dimensions was observed by both angiography and IVUS, which was not observed in balloon-based denervation; and (5) postprocedural angiographic lumen irregularities were associated with reduction in lumen dimensions and in the case of balloon-based denervation with dissection by OCT.
As the debate concerning the efficacy of renal denervation is ongoing, safety data are relatively limited, whereas its effect on renal artery integrity is largely unknown. 1, 2, 4 Pilot studies have shown angiographic lumen irregularities post procedure (stringof-pearls sign) that tend to disappear at follow-up, 3 whereas renal artery stenosis development has been occasionally reported. [4] [5] [6] In our series, we observed such lumen wall irregularities in 38.3% of the arteries and angiographically visible dissections in 4 arteries, 2 of which treated with stent implantation. In the total cohort, these findings mirrored a reduction of lumen dimensions by angiography and IVUS. Of note, specifically in balloon-based devices, these abnormalities were also associated with the percentage of frames with dissection by OCT. Consequently, in balloon-based devices, the finding of postprocedural angiographic abnormalities should raise the suspicion of vascular injury.
Moreover, quantitative angiography and IVUS consistently showed a lack of change in lumen and vessel dimensions in Values are expressed as estimated as n (%) or estimated mean (95% Confidence interval). Max indicates maximal. *Calculated in pullbacks with dissection (balloon-based devices: n=12; nonballoon-based devices: n=2). †Calculated in pullbacks with thrombus (balloon-based devices: n=23; nonballoon-based devices: n=12). ‡P values derived from multilevel logistic regression using within-patient intercepts as random effects. Imaging of Renal Artery Denervation-Induced Trauma patients treated with balloon denervation. Conversely, such a reduction was identified by both modalities in patients treated with nonballoon denervation, also accompanied by a significant increase of PAV (3.86% [1.84-5.88%]; relative increase >15%). This increase might reflect oedematous medial cell swelling induced by energy delivery, a finding described in animal studies of the Symplicity catheter, where it subsided several days after treatment. 7 These findings are in accordance with previous studies showing a significant reduction of vessel dimensions in patients treated with nonballoon catheters, 9 but lack of significant change postdenervation in studies of balloon catheters. 8, 17 Our OCT findings add to the current understanding of denervation-induced renal artery trauma, showing that with a variety of denervation devices and irrespectively of the energy delivery method, there are findings of edema and intraluminal thrombus, and also a high incidence of dissections by OCT (over one third of treated arteries). This tracks with previous studies demonstrating acute vascular injury after renal denervation with some of the systems used in this study, [7] [8] [9] 18 without, however, prominent findings at short-term follow-up. 7, 19 Preclinical studies of nonballoon denervation catheters have shown tissue damage, including media fibrosis, mild EEM disruption, endothelial denudation, thrombus formation, and oedematous medial cell swelling, 7, 18 whereas clinical studies demonstrated thrombus formation, development of focal convex-shaped intimal protrusions, attributed to edema, and in 13% of cases, minor dissections or detachment of the superficial endothelial layer, 9 similar to the percentage found for nonballoon-based devices in our study. Thrombus and dissection have also been observed with balloon-based denervation in similar frequency as in our study, 8 whereas less renounced injury was reported in another study where sizing was carefully performed. 17 Overall, the inclusion of patients treated both with balloon-based and nonballoon-based catheters allowed us to observe 2 distinct patterns of renal injury: (1) in nonballoon-based denervation, a response with low incidence and extent of dissection, but with acute lumen narrowing and vessel wall thickening, accompanied by a significantly but moderately higher thrombus area and a numerically (2) in balloon-based denervation, a response with a higher longitudinal extent of dissection, also with thrombus and intimal protrusions, in the absence of significant lumen or vessel size changes during the procedure.
Our study does not allow to directly differentiate whether the identified trauma was a result of denervation catheters themselves or iatrogenic because of the procedure. Nevertheless, all procedures were performed by experienced interventional cardiologists, skilled in intravascular imaging, with strict adhesion to denervation device-specific instructions. Although small ostial dissections might have occurred because of guiding catheter or guidewire manipulation, no evidence of vascular trauma or spasm was observed in preprocedural IVUS and was only observed after the actual denervation. This highly suggests that the denervation devices were the most likely cause of the observed injuries. In addition to thermal injury because of energy delivery, barotrauma could be potentially implicated in the pathogenesis of the observed dissections, despite low-pressure balloon dilations considered atraumatic, whereas device properties such as cooling could act protectively. Although our study did not specifically investigate the cause of these dissections, the percentage of frames with dissection was higher in balloon-based denervation, and dissection was associated with the balloon/artery ratio. This supports a role for barotrauma, possibly in synergy with the other factors.
The short-and long-term implications of such dissections remain elusive. In 1 patient, the flow was bilaterally impaired by dissections, leading to bilateral stent implantation. With the exception of this patient, dissections were of small extent relative to the vessel size (mean maximum dissection opening, 0.59 mm with mean angiographic MLD, 4.63 mm), in contrast to the coronary arteries where flow can often be significantly impaired. 20 Moreover, 6-month noninvasive imaging follow-up of 13 patients in our study treated in Thoraxcenter Rotterdam, in the context of a research protocol, did not show any significant renal artery stenosis. In addition, OCT follow-up in 1 patient demonstrated a complete healing of denervation-induced dissections. 21 However, given the well-defined relationship of vessel injury and cellular proliferation in percutaneous coronary intervention, 22 a possible association with late development of renal artery stenosis cannot be excluded, and measures for avoiding dissection, such as adaptation of a conservative strategy for balloon sizing, could prove beneficial.
Clinical Implications
Although renal denervation for resistant hypertension has not been widely adopted after the negative randomized sham-controlled Symplicity-HTN3 trial, 2 questions have been raised about the procedural efficacy of the Symplicity Flex system, 23 and several new devices are currently under investigation to address these technical limitations. Hence, our findings may have important clinical implications, as they report on vascular trauma from several different denervation devices and might help illuminate several procedural aspects. We demonstrated that small-scale dissections are not uncommon after renal denervation by balloon-expandable devices. Importantly, the significant association of balloon/artery ratio with the dissection extent dictates a judicious selection of balloon size, without excessive oversizing (balloon/artery ratio>1.20). Furthermore, postprocedural angiographic abnormalities in balloon-based devices should alert for possible dissection by OCT. Finally, as subclinical dissections and thrombus are not uncommon; strategies focusing on preventing thrombus formation, such as the current practice of 1-month aspirin administration to all patients undergoing renal denervation, seem justified in this setting, whereas a potential benefit of adding a P2Y12 agent needs to be clarified by further studies.
Limitations
As mentioned, this is an observational study in a limited number of patients, providing preliminary observations about the vascular trauma by these devices. Therefore, our study is not Figure 6 . Receiver operating characteristic (v) curve and sensitivity-specificity curves for the prediction of dissection by the balloon/artery ratio. Imaging of Renal Artery Denervation-Induced Trauma powered to detect differences between individual devices, not allowing to make firm statements about the effect of cooling capacities of the OneShot and Paradise catheters on local vascular damage. Accordingly, our findings need to be confirmed by larger studies with follow-up to also address the prognostic effect of OCT markers of vascular trauma postdenervation. As there is currently no established measure for adequacy of denervation, differences in vascular trauma between technically successful or unsuccessful denervation could not be assessed. Moreover, analysis was feasible in ≈80% of OCT images, because of inherent limitations of OCT in assessment of large vessels, which could slightly underestimate our findings. Finally, at the time of the study, only 6-mm and 8-mm balloon catheters were available for the Paradise system. The introduction of 5-mm and 7-mm balloon sizes could allow for less pronounced balloon-artery mismatch and possibly lower incidence of dissections.
Conclusions
A varying extent of vascular injury was observed after renal denervation with all systems; however, different patterns of vessel injury were identified in balloon-based and nonballoon-based denervation systems. In balloon denervation, the presence of dissections by OCT was associated with a higher balloon/artery ratio and vessel wall irregularities on postprocedural angiogram. Our findings suggest that in these devices, postprocedural angiographic abnormalities should not be disregarded and raise suspicion of vascular injury, while a conservative approach on balloon selection could be considered.
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